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Membrane distillation is an emerging technology for treating hydraulic fracturing 
flowback and produced waters.  Suppression of membrane fouling by inorganic and polar and 
non-polar organic compounds is a challenge. Here polyhydroxyethyl methacrylate, polyacrylic 
acid, polvinylallyl imidazolium bromide and polyvinylhexyl imidazolium bromide chains have 
been grafted from the membrane surface.  Fouling is initially due to adsorption of organic 
compounds followed by scale formation. When challenged with produced water, membranes 
modified with polvinylallyl imidazolium bromide chains provided the greatest resistance to 
fouling. For EC pretreated produced water and synthetic produced water that contained mainly 
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1.1.  Motivation 
Freshwater is essential to everyday societal activities. Discharging wastewater containing 
organic and inorganic contaminants can be harmful to ecosystems and fresh water systems [1–3]. 
As oil and natural gas production is increasing to meet the demands of modern society, 
generation of large volumes of waste streams are also increasing. These oil and gas waste 
streams or produced water (PW) contain an extensive amount of organic and inorganic 
components [1]. Discharging this PW to the environment can be very harmful to surface water as 
well as underground water and soil. Since this PW is generated in large volumes, there is a 
growing need for efforts to find efficient and environmentally friendly methods to treat and 
remove pollutants in the PW. This can also provide a supplemental solution for limited fresh 
water resource. Following contaminants can be found in PW [2,4]:  
• Salt, which is referred as salinity or total dissolved solids (TDS)  
• Oil and grease  
• Chemical additives used in drilling  
• Naturally occurring radioactive material.  
There is a rapid growth of natural gas production using horizontal drilling and high 
volume hydraulic fracturing in the United States (U.S.) [5]. According to the U.S. Energy 
Information Administration, 15.8 trillion cubic feet (Tcf) of natural gas was produced the U.S. in 
2016 [6,7]. 
Hydraulic fracturing PW is considered as the largest waste produced in the oil and gas 
industry due to large quantities of PW generated form hydraulic fracturing process. Management 




development industry [5,8]. Deep-well injection is the primary method of disposal and 
management of these high salinity PWs. This process could cost up to 10 to 15 USD per barrel of 
PW [8,9]. In addition to the high operation costs, U.S. geological survey (USGS) has recently 
discovered that the deep-well injection wastewater disposal is responsible for increasing  
earthquakes in the U.S. [10]. Therefore, there is an urgent need for novel processes to eliminate 
or minimize the deep-well injection. 
1.2.   Membrane technology 
 Membrane technology plays a vital role in wastewater treatment applications. A 
membrane can be utilized as a barrier that limits transport of undesired species and enables 
transport of targeted desired species by convection or diffusion of individual compounds. Mass 
transfer across a membrane can be driven by concentration, pressure or temperature gradient 
[11]. Due to simplicity, easiness-to-operate, low-maintenance process with minimal use of added 
chemicals, membrane-based separation technologies have been increasingly used for a wide 
range of applications during the past two decades.  
Membrane techniques such as microfiltration (MF), ultrafiltration (UF), reverse osmosis 
(RO) and membrane distillation (MD) are very widely used in wastewater treatment applications 
due to many of their advantages [8,12]. They can reduce the complexity of the purification 
process by reducing operation units and recycle process water.  Also, membrane technology 
enables a convenient, continuous and selective separation, purification process without additional 
chemicals and low space requirement.  
  MD has proven to be a promising desalination technology [8,13]. MD can be operated in 
relatively lower temperature than conventional vapor pressure driven processes. Since the feed 




source. Lower operation temperatures allow cheaper materials such as plastic to be used which 
can also alleviate corrosion issues [14,15].  Also, the hydrostatic pressure in MD is relatively 
lower than the pressure driven membrane processes such as reverse osmosis which can lower 
operation costs.  Literature also states that MD has a higher rejection rates allowing almost 
complete separation [8,13]. MD is an emerging membrane-based separation process for treating 
high salinity wastewaters [16]. 
1.2.1.  Membrane distillation (MD) 
MD is a thermally driven separation process which utilizes a hydrophobic membrane to 
transport water vapor from the feed side to the permeate side. The vapor pressure difference 
caused by the temperature difference between the feed side and the permeate side drives the MD 
process. This allows MD to operate at lower temperatures than the conventional thermal 
distillation. As long as the transmembrane pressure is not higher than the liquid entry pressure of 
the membrane, the hydrophobicity of the membrane prevents water solution from penetrating 
through the membrane [8]. 
The mass transport process from feed side to permeate can be divided into three different 
steps: (1) formation of a water/vapor interface at the feed solution (at the entrance of the pores); 
(2) transport of the vapor through the hydrophobic membrane; and, (3) condensation of the 
vapors at  permeate solution and membrane interface [17,18]. Usually this transported mass is 
referred to as flux. 
There are several configurations used in MD.  The main difference between these 
configurations is in the permeate side condensing and collecting vapor. In this research, direct 
contact membrane distillation (DCMD) configuration was used to drive the flux using the vapor 




the liquid in the feed side is at a higher temperature than the DI water used as condensing fluid in 
distillate side. Both feed and distillate liquids are in direct contact with the hydrophobic 
membrane. This is a very commonly used MD configuration due to the convenience of setting up 
in laboratory environment [8,13,19,20]. The hydrophobic microporous membrane acts as a 
physical barrier between the two sides (feed and the distillate) of the membrane. Water and other 
volatile components in the hot feed side vaporize and pass through the hydrophobic membrane 
pores and condense on the cold distillate side. Figure 1 illustrates the concept of DCMD. 
 
 
                                                    Figure 1. DCMD Configuration. 
 
Hydrophobic microporous membrane used in DCMD enables complete rejection of non-
volatile compounds such as cations, anions, organic species, inorganic colloidal, etc. Unlike 
other membrane separation processes, the efficiency of the driving force for vapor transport is 




– 70 ℃, which are lower than temperature used in conventional distillation processes. Therefore, 
MD has the potential of using waste heat streams or alternative energy sources to drive the 
process. In addition, the possibility of using plastic equipment due to lower temperatures, also 
reduces corrosion problems and material costs [14,15].  
However, costs such as power, labor, materials, membrane cleaning, and replacing are 
major concerns in operating membrane systems. There are some issues that drive these operation 
costs higher. Two of the major factors that increase the cost of operation are membrane fouling 
and scaling [16,21].  
1.2.2.  Membrane Fouling and scaling 
The process which decreases the membrane performance (flux) due to suspended or 
dissolved solids adsorption or deposition on the membrane surface or inside the membrane pores 
is called membrane fouling. This process can cause higher energy use, higher cleaning 
frequency, and shorter life time of a membrane which increases the above mentioned operational 
costs [8,21].  
Due to the simultaneous presence of higher organic content as well as total dissolved 
solid in terms of ions; the MD for the treatment of PW can suffer significant membrane fouling, 
especially due to the hydrophobic interaction of the organic matter on the membrane surface 
(though MD can take care of high TDS water streams). Inorganic scalants and organic and 
biological foulants can get deposited, adsorbed, and accumulate on the membrane surface or/and 
inside membrane pores. This could negatively impact water productivity and membrane lifespan. 
Fouling and scaling can cause temperature polarization which has a significant impact on 




and scaling can also cause pore wetting. Once the pores are wet, feed water can pass through the 
membrane to the distillate side failing the process.  Surfactants and/or low surface tension        
foulants present in the feed water are usually responsible for membrane pore wetting [22–28].  
In this experiment DCMD has been used to treat hydraulic fracturing PW. MD holds the 
promise of being a viable process for treating industrial wastewaters from non-conventional oil 
and gas production facilities, there are numerous challenges that must be overcome [16]. Here 
we focus on one of these key challenges, development of more fouling resistant membranes. 
Hydraulic fracturing flow back and PW are complex as they contain not only high TDS but also 
low molecular weight polar and non-polar organic compounds.  Membrane fouling can lead to 
flux decline due to the presence of additional mass transfer resistance as a result of the fouling 
layer. In addition, it can lead to pore wetting resulting in liquid water passing through the 
membrane pores. This will result in the passage of non-volatile components passing into the 
distillate compromising the distillate quality [22–25]. 
1.2.3.  Control membrane fouling 
Lately, a primary goal of research has been optimizing and tailoring membrane surface 
properties to address wettability to minimize fouling tendency and pore wetting of membranes 
[23,24,29]. However, irrespective of the membrane surface modification, pretreatment of the 
feed stream is essential.  Development of more fouling resistant membranes will lead to 
increased membrane lifetimes as well as lower pretreatment requirements.   
Pretreatment 
Various pretreatment methods have been used prior to performing membrane separation 




compounds from waste water [30]. In this work, electrocoagulation (EC) is given the focus for 
removal of suspended and dissolved organic species that could lead to membrane fouling in MD. 
EC is an electrochemical pretreatment process used in treating waste water using sacrificial 
electrodes to release coagulant into waste water solution [31]. In this research, aluminum 
electrodes were used.  
EC and alum based chemical coagulation share similar fundamental chemical reactions. 
In chemical coagulation, aluminum sulfate salts such as alum, Al2(SO4)3.18H2O are frequently 
added in the process [9,32]. Dissolved and suspended species and pH of the solution have a high 
effect on the chemical coagulation process. Eq. 1 and Eq. 2 show overall reaction after alum is 
added and dissolution of the salt. 
Al2(SO4)3.18H2O →2Al3+ + 3(SO4)2- + 18H2O                             (Equation 1) 
     2Al3+ + 3(SO4)2- + 18H2O → 2Al(OH)3 + 6H+ + 3(SO4)2- + 18H2O                (Equation 2) 
As the solution ages, the concentration of aluminum in the solution increases and 
aluminum hydroxide get deposited in solid form as shown by Eq. 3 [9,33]. Literature indicates 
that formation of numerous polymeric species helps to drive the adsorption of colloidal to the 
aluminum species and precipitation mechanisms [33].  
2Al3+ + n OH- → Al(OH)n3-n → Al2(OH)24+ → Aln (Complex) → Al(OH)3(s)            (Equation 3) 
However, EC has number of advantages over the chemical coagulation methods [34]. 
Since the coagulant is produced in situ using aluminum electrode at the anode, it helps to prevent 
addition of liquid coagulant. Also, the pH does not change with the breakdown of the 




produced sludge is less compared to other chemical coagulation practices [9,35].  
In the EC reactor, the following electrode reactions occur after the voltage is applied [9]: 
Anode: Al → Al3+ + 3e−                                                                               (Equation 4) 
Cathode: 3H2O + 3e− → 3/2H2 + 3OH−                    (Equation 5) 
Al3+ and OH− ions produced by the anode and cathode react and form monomeric and 
polymeric aluminum species such as Al(OH)4−, Al(OH)2+, and Al6(OH)153+ which eventually 
form amorphous Al(OH)3(s) with large surface area [33]. The Al(OH)3(s) is in a form of a 
gelatinous suspension in the aqueous phase. Al(OH)3(s) can absorb and trap organic compounds 
and suspended solids. Electrostatic attraction between aluminum species and these compounds or 
complexation of these species will drive these mechanisms [9]. After trapping and adsorbing 
organic compounds and suspended colloidal, Al(OH)3 flocs will undergo polymerization and 
deposit according to the following reaction, allowing the removal of organic compounds and 
suspended solids from PW [9]: 
 n Al(OH)3 → Aln(OH)3n                                           (Equation 6) 
Some organic compounds and Al species with suspended solutes will agglomerate and 
develop low-density complexes. These low-density complexes are carried to the top of the 
separatory funnel (liquid-air interface) by up floating hydrogen bubbles produced at the cathode. 
These low-density complexes accumulate and densify leading to sedimentation as they sink to 
the bottom of the separatory funnel. Charged aluminum species such as Al(OH)2+ attract charged 
organic compounds and suspended solids to produce X-Al complexes by charge neutralization. 
These Al complexes are then get accumulated followed by floatation to the liquid-air interface by 




inside the separatory funnel: low-density flocs remain at the liquid-air interface, clear water 
remains at the middle region, and aggregated flocs get collected at the bottom. The clear water 
from the middle zone can be separated. 
Membrane surface modification 
Fouling may be suppressed by optimizing the membrane surface properties such that 
adsorption of foulants becomes thermodynamically unfavorable.  However, the situation is 
complicated by the fact that dissolved ions, polar and non-polar organic species, are present in 
the hydraulic fracturing PW. Development of economically viable surface modification 
strategies for membranes used in MD will be challenging.   
Therefore, research is focused on enhancing MD performances with super hydrophobic 
and omniphobic membranes [29]. However, hydrophobic–hydrophobic interactions can lead 
amphiphilic surfactants which have both hydrophobic and hydrophilic characteristics to get 
attached to a superhydrophobic surface. The hydrophobic end gets attached to the membrane 
surface leaving the hydrophilic end exposed to the solution, making the membrane surface 
hydrophilic. These surfactants also have the ability to reduce the surface tension of solutions 
leading  the superhydrophobic membranes to wet [16,24].  
Omniphobic membranes, on the other hand, show resistance to wetting due to low 
surface tension solutions containing surfactant [16]. However, hydrophobic– hydrophobic 
interactions can lead non-polar organic contaminants such as oil to get attached to the 
omniphobic membrane surface. These non-polar organic contaminants can accumulate on the 
membrane surface blocking pores and reducing membrane performance [16,38]. 
Research has shown hydrophilic surface modifications can provide resistivity toward 




by adding a thin hydrophilic layer on the hydrophobic membrane surface to limit non-polar 
organic contaminant accumulation on the membrane surface which can suppress fouling by non-
polar organic species while the inner hydrophobic pore surface prevents the passage of liquid 
water through the membrane [16]. This helps to maintain a good membrane permeability, 
minimize the impact of temperature polarization, and lower the wetting tendency of hydrophobic 
membranes. 
However, too much hydrophilic layer may result the passage of water across the 
membrane instead of vapor, deteriorating the distillation process. Therefore, careful tuning of 
surface hydrophilicity is required to process such complicated waste stream. Moreover, 
formation of biofilm on the membrane surface during processing waste stream is another major 
challenge. Therefore, hydrophobic membrane with thin tunable hydrophilicity with antimicrobial 
characteristic should be the ideal option for processing PW by MD.  
Poly(ionic liquids) are  polymers of ionic liquids having favorable properties of polymers 
blended with unconventional and unique properties of ionic liquids [39–43]. Its high degree of 
tunability by understanding structure-activity relationship provides an advantage in tuning the 
hydrophilicity of the surface modification.  Moreover, the ionic liquid moieties were reported to 
have antimicrobial activity [44–46]. In view of these, hydrophilic modification on hydrophobic 
membrane using poly ionic liquid (PIL) would be successful in treatment of produced waste by 
MD and reduce the amount of pretreatment needed. 
1.3.   Research overview and objectives 
Since, polypropylene (PP) is one of the prominent hydrophobic membranes used in MD,  
four different hydrophilic surface modifications of the base PP membrane were compared.  Some 




membrane can suppress fouling by non-polar organic species while the inner hydrophobic pore 
surface prevents the passage of liquid water through the membrane [16,38,47]. However, the risk 
of scale formation by deposition of ionic species will increase.  Performance of PIL modified PP 
membranes were evaluated with membranes modified by conventional monomers. The 
performance of the PIL grafted membrane was also compared with the EC as pretreatment 
technique. 
Following are the objectives of this research work.  
Objective (1): Modify commercially available polypropylene membranes in order to impart 
hydrophilicity using charged and non-charged polymers. 
Objective (2): Determine performance of modified membranes when challenged with hydraulic 
fracturing PW. 
Objective (3): Compare performance of modified membranes with base membranes using EC 












2. Materials and methods 
2.1.  Materials 
All chemicals are American Chemical Society (ACS) grade unless otherwise noted. 
Methanol was obtained from Sigma Aldrich, St. Louis, MO. Benzophenone and acrylic acid 
(AA) (SAJ Grade) were purchased from Acros Organics, Morris, NJ. 2-hydroxyethyl 
methacrylate (HEMA) was purchased from Alfa-Aesar, Ward Hill, MA. Deionized water from 
Thermo Fisher 18 MΩ Barnstead Smart2Pure system, Schwerte, Germany was used throughout 
the investigation. Vinyl imidazole, 1-bromohexane and allyl bromide were procured from Sigma 
Aldrich, St. Louis, MO (SAJ Grade). Polypropylene (PP) membrane was procured from 3M, 
Maplewood, MN. 
2.2.   Methods 
2.2.1.  PW characterization 
PW samples obtained from the Fayetteville shale were provided by Southwestern Energy 
(Houston, TX) and these samples were pretreated to remove larger particles present.  PW 
samples were characterized at the Arkansas Water Resources Center, University of Arkansas. 
Spectro Genesis ICP OES (Kleve, Germany) and Dionex DX-120 ion chromatograph 
(Sunnyvale, CA), were used to measure cations and anions present in these samples. EPA 
standard methods 160.1 and 160.2 were used to measure total dissolved solids (TDS) and total 
suspended solids (TSS), respectively [48,49]. A Skalar Formacs TOC analyzer (Breda, 
Netherlands) was used to measure total organic carbon (TOC). A Turb 550 (WTW, Weilheim, 
Germany) turbidity-meter was used to measure turbidity. The difference between the sum of 
cations and anions was used to determine the accuracy of the chemical analysis which is referred 




Table 1. Characterization of PW. 
 
Experiments were also conducted with a synthetic PW prepared using the main inorganic  
constituents of the PW: chloride, sodium, and calcium.  1.686 mol of NaCl and 0.451 mol of 
CaCl2 were added to DI water.  In this way, the sodium and chloride ion concentrations matched 
that in the PW. Membrane distillation (MD) was also conducted using this synthetic PW to 
determine performance in the absence of dissolved organic compounds. 
 
2.2.2.  Synthesis of ionic liquid monomers 
The synthesis of ionic liquid monomers was carried out by heating an equimolar amount 
of vinylimidazole with alkyl halide (allyl bromide and 1-bromohexane) at 300 K for 3 h as 
reported earlier [50]. This quaternization reaction generated an ionic liquid of straw yellow color 
and its formation was evidenced by clear phase separation. Ethyl acetate was used to wash the  
Parameter Raw PW, Concentration, M 
TDS 157,000 mgL-1 - 
TSS  1,277 mg L-1 - 
TOC  11.9 mg L-1 - 
Turbidity  273 NTU’s - 
Calcium  18,042 mg L-1 0.451 
Chloride  102,200 mg L-1 2.878 
Magnesium  1,248 mg L-1 0.052 
Sodium  38,780 mg L-1 1.686 
Sulfate  75.5 mg L-1 0.00078 




ionic liquid to remove unreacted reactant. 1-vinyl-3-allylimidazolium bromide and 1-vinyl-3- 
hexylimidazolium bromide are the ionic liquid monomers used without further purification and, 
hence forth, termed as ‘allyl’ and ‘hexyl’, respectively. 
2.2.3.  Membrane surface modification 
PP membranes have been grafted with polyhydroxyethyl methacrylate (poly HEMA), 
polyacrylic acid, polyvinylallyl imidazolium bromide and polyvinylhexyl imidazolium bromide 
chains from the membrane surface. PolyHEMA has been used frequently to hydrophilize the 
membrane surface [51,52]. Above the pKa for deprotonation of the first carboxylic group on the 
polyacrylic acid chains, the majority of the chains will be negatively charged.  
However, though each polyacrylic acid chain contains multiple carboxylic groups, after 
deprotonation of the first group, deprotonation of subsequent carboxylic acid groups on the same 
chain is limited [53]. On the other hand, the two polyionic liquid chains contain multiple fixed 
positive charges.  However, polyvinylhexyl imidazolium bromide will be more hydrophobic than 
polyvinylallyl imidazolium bromide due to the presence of the hexyl group.  The inductive effect 
of the hexyl group decreases the positive charge on the imidazolium ring of the ionic liquid, 
while the sp2 hybridized allyl group has an electron withdrawing ability resulting in enhancement 
in positive charge on imidazolium ring. Hence, the substituent on imidazolium ring can tune the 
positive charge density on the imidazolium cation leading to tuning the hydrophilicity of the 
resulting polymer. As a control experiment, PP membranes were also modified using water 
instead of monomers to understand how water would react with photo initiated polymerization 
process and induce hydrophilicity on the PP membrane.  
Surface modification is conducted using photo-initiated polymerization which is a very 




under the UV irradiation in the presence of a photo initiator. Benzophenone is used as the photo 
initiator, where the ground state benzophenone molecules absorb photons in the UV region. 
These excited benzophenone molecules will then abstract a hydrogen atom from the membrane 
surface to create surface radicals on the membrane [54].  
photoexcitation: (C6H5)2C=O +UV ®        (C6H5)2C=O * 
hydrogen abstraction: (C6H5)2C=O *+ PP-H ®      (C6H5)2C-OH • + PP• 
(PP-H is the membrane with hydrogen on the surface, * indicates the excited state, and • 
indicates the radical.) 
These radicals then can react with the monomer to start the desired polymer chain 
grafting.  
initiation: PP• + M ®         PP-M1 • (grafted monomer radical) (• indicate the   
radical and M indicates monomer) 
 
This polymerization process can continue until the experiment is stopped or the 
polymerization termination occurs.  
propagation: PP-Mn • + M ®         PP-Mn+1 • (grafted polymer radical) 
termination: PP-Mn • + H•  ®        PP-MnH (grafted polymer) 
After the photo excitation of benzophenone and hydrogen abstraction from the membrane 
surface, instead of direct polymerization, benzophenone can also generate a surface initiator by 
getting attached to the membrane surface.  
(C6H5)2C-OH • + PP• ®         (C6H5)2C-OH-PP (surface initiator formation) 
The UV irradiation can cleave the carbon-carbon bond between the membrane surface 
and the surface initiator forming surface radicals.  




These radicals then can react with the monomer to start the desired polymer chain 
grafting. 
initiation: PP• + M ®          PP-M1 • (grafted monomer radical) 
propagation: PP-Mn • + M ®         PP-Mn+1 • (grafted polymer radical) 
termination: PP-Mn • + H• ®          PP-MnH (grafted polymer) 
PP-Mn • + + (C6H5)2OHC• ®          PP- MnC (C6H5)2OH 
Excited benzophenone in the solution can also get attached to a polymer chain leading to 
polymerization termination or take a hydrogen atom from surrounding and create (C6H5)2CH-
OH. 
Grafting yield of the polymer brush on the membrane surface using photo grafting 
surface modification process can depend on different factors such as the initiator concentration, 
monomer concentration, grafting time, and UV irradiation time [54]. Irradiation time and 
monomer concentration time have a linear relationship with grafting yield. Longer UV 
irradiation time and higher concentration of monomer are proven to produce longer and high-
density polymer chain network on the membrane surface. These dense polymer chains can act as 
a barrier to mass transfer across the membrane and increase the hydrophilicity of the membrane 
surface and membrane pores, leading to membrane wetting. Longer UV irradiation and higher 
monomer concentration can also lead to polymerization within the solution which can hinder the 
desired surface grafting. Hence, grafting thin enough hydrophilic polymer brush network using 
optimum UV irradiation time and monomer concentration is important. Prior surface 
modification studies have shown successful results using 1 wt.% monomer concentration. Based 
on this knowledge, this modification process was conducted using 1 wt.% monomer solutions in 




hydrophilic. Two different UV irradiation times, 5 minutes and 10 minutes, were tested in this 
experiment to find the optimum irradiation time. 
Higher concentrations of benzophenone have been studied and proven to absorb higher  
percentage of the UV light hindering the polymerization. Prior studies have shown that 5 wt.% of 
benzophenone is the ideal concentration where benzophenone is active and has the optimum use 
of UV light [54]. Based on this knowledge, this modification process was conducted using 5 
wt.% benzophenone solution. The modification procedure is summarized in Table 2. 
Table 2. Summary of modification procedure. 
 
The surface modification of PP membranes was carried out in a two-step process as 
reported in the literature [51]. The membranes were dipped in methanol containing 5 wt.% 
benzophenone. The methanol was used to swell the membrane allowing benzophenone to enter 
the membrane matrix [55,56]. Then the membrane was air dried for 12 hours trapping 
benzophenone inside the membrane matrix or on top of the membrane surface. In the second 
step, the aqueous solution (1 wt.%) of the monomers (HEMA, AA, allyl and hexyl) were poured 
 Initiator immobilization UV grafting 
Membrane Photo initiator Duration Monomers Duration 
Polypropylene 
(PP) 
5 wt.% of 
benzophenone 
in 30 mL 
methanol 
5 min 1 wt.% of the following 
monomers in 5 mL DI water   
5 min  
and  
10 min 
 1. HEMA 
 2. AA 
 3. Allyl 




on top of the membrane and exposed to UV irradiation (160 W). Due to the limited penetration 
depth of UV light, only the benzophenone trapped on membrane surface will initiate the radicals 
and the subsequent radical coupling with monomer molecules resulting in growth of hydrophilic 
polymers [16].  
After the polymerization process the modified membranes were washed using 50% 
ethanol-water solution to remove unreacted benzophenone and non-grafted polymer chains. The 
polymer chain length may be varied by varying the UV irradiation times.   
2.2.4.  Membrane characterization 
Fourier-transform infrared spectroscopy (FTIR) was used to identify the presence of the 
functional groups on the membrane surface using IR Affinity (Shimadzu, Columbia, MD, USA) 
with a horizontal ZnSe accessory. The membrane samples were dried overnight prior to FTIR 
analysis.   
Water contact angles were measured using a sessile drop contact angle goniometer 
(Model 100) procured from Rame-Hart Instrument Company, Netcong, NJ. A 5 μL deionized 
water droplet was formed at a rate of 1 μL/s, which was then moved down vertically towards the 
membrane to make contact with the membrane surface. The droplet was detached from the micro 
syringe by moving it up and the DI water drop was placed on the membrane surface. The angle 
made between the water droplet and the membrane surface was measured using the circle fitting 
method.  
Scanning electron microscopy (SEM) images and energy dispersive x-ray spectroscopy 
(EDX) results were obtained using a Nova Nanolab 200 Duo-Beam Workstation (FEI, Hillsboro,  




2.2.5.  Direct Contact Membrane distillation (DCMD) 
Figure 2 is a schematic diagram of the DCMD system used. The membrane was placed  
in between the two plates of the module. There was a spacer placed between the module and  
membrane surface to ensure uniform flow distribution of the feed solution on the membrane 
surface. The effective surface area of the membrane was 40 cm2. 1 L of PW was used as the feed 
at 60 °C. The temperature of the distillate side was maintained at 10 °C using a chiller. The mass 
transferred from the feed side to the distillate was determined every 5 minutes by checking 
different readings of the balance which was connected to a computer. Two peristaltic pumps 
were used to maintain a flow rate of 500 mL/min on both feed and distillate side in counter 
current flow. A conductivity meter was used to determine the conductivity of the distillate side.  
 
 









                                                      (Equation 7) 
      
Where, J! is the distillate flux (g/m2 h), ∆m is mass transferred to distillate during the time step 
(g), A is the effective membrane surface area (m2) and t is the time step (h). In the investigation, 
PP membrane with an effective surface area 7.5 cm x 12.5 cm with average pore size 0.2 μm was 
used.  J! was converted to L/m2h, here referred to as LMH, using the density of water of 1 
g/cm3. After operation, both sides of the membrane were flushed with DI water at room 
temperature for one hour.  
Table 3 gives the different feed waters tested with different membranes. After DCMD, DI 
water was pumped on both sides of the membranes in counter current flow to remove rejected 
species from the membrane surface prior to running the next DCMD cycle. Each DCMD run was 
continued until 500 mL of distillate, 50% water recovery, was obtained. The run was stopped 
before this target was reached if flux decline led to very low fluxes or the conductivity of the 
permeate increased above 50 μS/cm indicating pore wetting and, hence, membrane failure.  The  
feed temperature was always maintained at 60 ºC and all the experiments were conducted in 
batch mode. Distillate temperature was maintained at 10 ºC. 
 







Base and modified membranes Until 500 ml distillate was 
collected or flux decline lead to 
very low fluxes or rapid increase 
in conductivity indicated pore 
wetting.  After each run 
membranes were flushed with DI 
water and reused. 
 
Synthetic PW Base and allyl modified 
membrane 
 






2.2.6.  Electrocoagulation 
Electrocoagulation (EC) was conducted using sacrificial aluminum electrodes as 
described in earlier publications [8,9].  The EC setup used in this experiment was designed with 
a 600 mL polycarbonate reactor consisting of five electrodes. 6061 aluminum alloy (Sapa, 
Rosemont, IL) with effective surface area of 180 cm2 aluminum electrodes were set up vertically 
with an 8 mm space between each electrode where the electrodes at each end were connected to 
the DC power source (Hewlett Packard, Palp Alto, CA) as the cathode and anode. EC 
pretreatment process was conducted in batch mode for 30 s with a 0.5 A constant current. 
Electrocoagulated sample was then moved to a separatory funnel for sedimentation and the clear 













3. Results and discussion 
3.1.   Surface modification 
The swelling of PP membrane in the presence of methanol was used to trap the 
benzophenone. Benzophenone is a type 2 photoinitiator [57,58]. In presence of UV irradiation, 
the carbonyl group of benzophenone is activated and, subsequently, abstract protons from the PP 
membrane by hemolytic cleavage of C-H bond generating radicals as shown in Figure 3. These 
radicals, thus generated, attack the π bonds of the monomer. The hemolytic cleavage of the π 
bonds result in the formation of covalent bonds between the PP membrane and the monomer, 
leaving a carbon based radical on the monomer. This radical can attack another monomer in the 
same fashion leading to chain propagation. Alternatively, chain termination occurs when a 
proton is captured from the environment or chain coupling occurs [54]. The duration of UV and 
the relative concentration of the precursors influence the relative yield of the products. 
3.2.   Characterization 
3.2.1.  Fourier-transform infrared spectroscopy (FTIR)  
FTIR spectra for the modified and unmodified membranes are given in Figure 4. 
 The spectrum for the virgin membrane showed peaks corresponding to C-H and CH2 bend / CH3 
deformation [59]. The spectra for  HEMA and AA modified membranes showed a clear peak 
from the carbonyl bond ~ 1735 cm-1 [60,61]. The exact peak positions for these two carbonyl 
peaks were slightly shifted, since the carbonyl from HEMA is of ester origin while the carbonyl 
of AA is of carboxylic origin. Both membranes also showed a broad peak near 3200-3500 cm-1, 
which was attributed to the hydroxyl group engaged in hydrogen bonding. 
PIL grafted membranes exhibit prominent peaks from imidazolium stretching. Figure 4 





      Figure 3. Modification of PP membrane by HEMA, AA, allyl and hexyl-based monomers. 
 
where no monomer was present during UV irradiation.  Consequently, this represented a 
negative control as no reactant was present. The spectra did not show any additional peaks after 
irradiation, as expected. Figure 6,7,8 and 9 compares spectra for 5- and 10-min UV reaction 
times. As expected, stronger peaks related to the grafted polymer were observed for longer 
polymerization times indicating longer polymer chains.    
 
3.2.2.   Contact Angle  





























Figure 9. Enhancement of imidazolium peak intensity for bromo modified membranes at 




of 130º, indicating the membrane was hydrophobic [62]. Though the water contact angles 
decrease for all polymer modifications; the membranes remain rather hydrophobic. Increased 
polymerization time suggested a decrease in contact angle though, in all cases, the results were 
within the measurement variability.  Table 5 shows water contact angle for irradiation in the 
absence of monomer.   The data show that the contact angle of the PP membrane did not change 
indicting no modification as expected. 
Table 4. Water contact angles for the modified membranes obtained from different UV         
exposure (average of five experiments conducted with ph 6 DI water) 
 
Table 5. The water contact angles for the modified membranes using water. 
 
3.3.   Membrane Performance 
The variation of distillate flux with distillate volume for 5 min polymerization time is 
shown in Figure 10 (a). In all cases, the conductivity of the distillate never rose above 50 µScm-1. 
Thus, membrane failure and pore wetting did not occur. All experiments were stopped when the 
targeted 50% recovery was achieved except for the base membrane. For the base membrane, a 
rapid decline in flux was observed. Consequently, the experiment was stopped before 50% or 















130° ±2° 5 107° ±3° 112° ±1° 107° ±3° 106° ±4° 
10 106° ±3° 110° ±3° 104° ±2° 103° ±4° 
Fouled membrane 
85° ±2° 5 70° ±2° 79° ±2° 65° ±2° 68° ±2° 
PP Base membrane UV grafting time 
(minutes) 
Modified PP Membranes using water 
130° ±2° 5 130° ±3° 




allyl modification and was followed by hexyl, AA, and HEMA modifications.  
Figure 10 (b) gives analogous results for 10 min polymerization times. This time, 50% 
water recovery was only possible for allyl and hexyl modified membranes. As well as the base 
membrane, HEMA and AA modified membranes exhibited very rapid flux decline. However, for 
all membranes, the flux decreased much more rapidly than for 5 min polymerization times. 
Nevertheless, pore wetting was not observed as the conductivity of the permeate did not increase 
above 50 µScm-1.  In order to determine membrane stability, DI water was pumped on either 
side of the membrane and then DCMD conducted again.   
 
 
Figure 10. Variation of flux with distillate volume for modified membranes obtained by (a) 5 
min UV grafting; (b) 10 min UV grafting.  The feed stream was PW. 
 
Figures 11-15 indicate that only the allyl and hexyl modified membranes could be run 
three times for 5 min polymerization times.  Base, HEMA, and AA modified membranes 
displayed very rapid flux decline, thus 50% water recovery was not possible.  Further, during the 




membranes, the membranes failed leading to pore wetting and a rapid increase in conductivity.   
For the allyl and hexyl modified membranes, the flux steadily decreased for each successive run.  
The allyl modified membrane outperformed the hexyl modified membrane.   
Figure 10 as well as Figures 11-16 indicate that for 10 min polymerization times, the 
membrane performance was worse. Taken together, these results suggested that the presence of 
repeating fixed charges on the grafted polymer chains was desirable and increased membrane 
stability. In addition, thicker grafted nanolayers could promote pore wetting during operation.  
Table 4 gave the contact angle for fouled membranes (5 min polymerization time) while 
Figure 17 gives the FTIR spectra. For allyl and hexyl modified membranes, this was after three 
DCMD runs.   For the base and HEMA modified membranes, this was after pore wetting 
occurred during the third DCMD run, while for the AA modified membrane, it was after pore 
wetting occurred during the 2nd DCMD run.  
 
           

















   Figure 14. Flux versus distillate volume for consecutive MD cycles: allyl modified membrane. 
 
 








          Figure 17.  FTIR spectra of fouled membranes after processing PW by DCMD. 
Figure 16. The flux versus distillate volume transfer for 2nd MD cycle using modified PP 




Comparing the results to the membrane prior to DCMD, a significant decrease in contact 
angle was observed.  The results clearly indicated that the adsorption of rejected species led to a 
change in surface properties of the membrane.  However, it is interesting to note that the greatest 
decrease in contact angle occurred for the allyl and hexyl modified membranes, though those 
membranes displayed the greatest resistance to failure due to pore wetting. The reduction in 
contact angle suggested the hydrophilic nature of the fouled surface. Due to the complex nature 
of the feed stream (containing dissolved inorganic as well as organic species), it was the 
interplay between the interactions of these species and the membrane surface properties, that 
determined membrane performance. Given the pH 7.74 of PW and the pKa for the first 
deprotonation of the polyAA chain was 4.2, the poly AA chains were expected to be charged 
[63]. It can be seen that polyAA chains gave the lowest distillate flux even though the chains 
were charged (Figures 11-15). The initial flux values for modified membranes were found to be 
slightly lower compared to the virgin membrane. The presence of a grafted nanostructure on the 
surface of the membrane will lead to an increase in the resistance to flow through the membrane.  
These results suggest that for both the base and modified membranes, organic compounds 
present in the PW were adsorbing onto the membrane surface leading to flux decline and 
eventual membrane failure.    
FTIR spectra provided insight into the organic species that were adsorbed onto the 
membrane surface. Appearance of peak ~1700 cm-1 in all the fouled membranes could be 
attributed to either carbonyl moieties of different kinds (keto, aldehyde, ester, carboxylic acid 
etc.) or alkene moieties. The fouled membranes also showed the appearance of –NH moieties 
corresponded to amine groups (primary or secondary) on the surface. C-O and C-Cl stretching 




membrane surface. In particular, the appearance of N and O could explain the decrease in contact 
angle for fouled membranes.  
Since the allyl modified membranes using a 5 min UV reaction time gave the best 
performance, it was investigated further.  Results for the allyl modified membrane were 
compared to the base PP membrane.  Both membranes were challenged with two additional feed 
streams, synthetic PW that contained sodium, calcium, and chloride (the main inorganic 
constituents of the PW) as well as PW after EC. Earlier work indicated that pretreatment with EC 
under the conditions used led to reduction in 91% TSS, 61% TOC and 96% turbidity [8,9]. The 
 variation of flux with distillate volume is given in Figure 18 after the first DCMD run.  
Figure 18 indicates that the highest fluxes were obtained for the synthetic PW.  The 
fluxes for the base and allyl modified membranes were similar. The slightly lower flux for the  
 
 
Figure 18. Variation of flux with distillate volume for allyl and base PP membranes.  Results are 





allyl modified membrane may have been due to the additional resistance to water transport due 
to the grafted barrier layer. Pretreatment with EC led to an improved flux compared to non-
pretreated PW.  However, the synthetic PW gave the highest fluxes. These results indicate that it 
was the presence of organic species and most likely polar organic species (hence the decrease in 
contact angle) that resulted in the decrease in permeate flux. The allyl modified membrane 
displayed higher fluxes for both PW and EC pretreated PW. The result suggested that the allyl 
modification reduced adsorption of organic compounds.   
In order to further analyze the nature of the adsorbed layer on the membrane surface, 
SEM images were taken and EDX analysis was conducted for the base sand allyl modified 
membranes.  SEM images are shown in Figure 19 while the result of EDX analysis are given in 
Table 6. The SEM images provide qualitative agreement with the flux result given in Figure 10. 
Significant fouling was observed for the base and allyl modified membranes challenged with 
PW.  While the EC pretreated PW showed some deposition on the membrane surface, the 
synthetic PW showed the least adsorption.    
The EDX data indicated that for the base and the allyl modified membranes (Table 6), O 
and N atoms were detected.  As the base PP membrane did not contain any N, those results 
indicated the fouling of base membrane occurred due to organic compounds present in the PW. 
EDX data for the base membrane with synthetic PW and EC pretreated PW did not indicate 
presence of N providing more evidence that fouling occurred by adsorption of organic 
compounds in the PW.  
For PW, both the base and allyl modified membranes indicated adsorption of organic 
compounds (increase in O and N) which agrees with the FTIR spectra (Figure 17).  The 




membrane surface, while the other peaks might have been due to the deposition of salts like 
NaCl, CaCl2, FeCl3, etc. present in PW in terms of TDS. The EDX showed a prominent presence 
of Na, Ca, and Cl peaks corresponding to the deposition of salt on the membrane surface.  
 
 
                           
Figure 19. SEM characterization of fouled membranes : base membrane after the first DCMD 
run: (a) base membrane challenged with PW; (b) base membrane challenged with EC pretreated 
PW; and, (c) base membrane challenged with synthetic PW,  5 mins polymerized allyl modified 
membrane after the first DCMD run : d) allyl modified membrane challenged with PW; (e)  allyl 
modified membrane challenged with EC pretreated PW; and, (f) allyl modified membrane 




Table 6. EDX analysis of fouled membranes. 
 
Allyl modified membrane showed presence of N for all PW, synthetic PW, and EC 
pretreated PW. This could be attributed to the N present in the imidazolium ring. The amount of 
N present on allyl membranes was either lower or similar to N present on the base membrane  
surface due to organic fouling. This showed evidence of higher resistance to organic fouling of 
the allyl modified membrane. 
After DCMD runs with PW, the O peak was found to be much less compared to base 
membrane. This also confirmed that the PIL grafting on PP membrane significantly improved the 
antifouling characteristic of membrane toward organic foulants. The results suggested that initial 
fouling was due to adsorption of organic compounds followed by scale formation due to the  
deposition of inorganic salts present in the PW.    
The allyl modified membrane better resisted adsorption of these organic compounds.  
However, Na and Cl peaks were observed in EDX spectra revealing the existence of electrostatic 













C 33.8 75.43 87.96 92 84.32 80.07 
O 33.8 4.53 0.91 0.25 0.16 0.16 
N 3.11 - - 2.87 3.11 3.07 
Cl 14.4 10.5 9.36 3.08 7.2 11.44 
Ca 5.49 4.41 5.25 1.21 2.42 4.95 
Na 4.77 6.37 6.51 0.33 2.21 3.27 




pretreated PW suggested that the allyl modified membrane did not indicate better resistance to 
scale formation when compared to the base PP membrane. 
The results suggested that modification of the PP membrane with poly ionic liquid chains 
did provide additional resistance to fouling compared to the base PP membrane. The allyl 
modified membrane gave the greatest resistance to organic fouling.  It was adsorption of organic 
species in the hydraulic fracturing PW that appeared to lead to initial fouling.  Thus, suppressing 
adsorption of organic compounds provided better fluxes, most likely generating a more stable 
membrane.   
The grafted polyionic liquid did not appear to better suppress the importance of 
minimizing the thickness of the surface modification. Results from this research indicate that 
over-modification can result in early pore wetting due to rapid adsorption of species in the PW.  
Further, the membrane pores must remain hydrophobic to prevent transfer of water into the 
distillate. Modification by grafting polymer chains that contain fixed charged groups could be a 
promising way to develop more stable membranes for DCMD. The results suggest that  
pretreatment to reduce the TOC and TSS will be essential but by grafting polymers with fixed 











Microporous PP membranes have been modified by grafting polyHEMA, polyAA,  
polyvinylallyl imidazolium bromide and polyvinylhexyl imidazolium bromide and chains by UV 
initiated polymerization.  When challenged with PW, the membrane grafted with polyvinylallyl 
imidazolium bromide gave the best performance.  The presence of fixed charged groups on the 
grafted polymer chains appear to suppress fouling by organic species present in the PW. Surface 
characterization by measuring contact angle, SEM imaging, FTIR, and EDX analysis indicate 
that initial adsorption of organic species in the PW leads to flux decline.  Subsequent scale 
formation by inorganic species in the PW can lead to pore wetting and passage of water from the 
feed to the distillate. 
Since it is water vapor that passes through the membrane pores, it is essential that the 
membrane is hydrophobic.  Since grafting hydrophilic polymers from the membrane surface 
results in a decrease in contact angle, it is essential the thickness of the grafted nanostructure is 
minimized.  The results obtained here indicate that pretreatment of the PW feed stream is 
essential to reduce TOC and TSS.  For the polyvinylallyl imidazolium bromide modified 
membrane, the stability of the membrane is enhanced.  Further pretreatment requirements, i.e., 
reduction of TOC and TSS, may be less than the base PP membrane.  Membrane surface 
modification provides a way to tune the membrane properties in order to minimize the likelihood 
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Appendix A: Description of Research for Popular Publication 
Freshwater is essential to everyday societal activities. Discharging wastewater containing 
organic and inorganic contaminants can be harmful to ecosystems and fresh water systems. As 
the oil and natural gas production is increasing to meet the demands of modern society, 
generation of large volumes of waste streams are also increasing. These oil and gas waste 
streams or produced water (PW) contains an extensive amount of organic and inorganic 
components. Discharging these PW to the environment can be very harmful to surface water as 
well as underground water and soil. Since these PWs are generated in large volumes, there is a 
growing need for efforts to find efficient and environmentally friendly methods to treat and 
remove pollutants in these PWs. This can also provide a supplemental solution for limited 
freshwater resource.  
There is a rapid growth of natural gas production using horizontal drilling and high-
volume hydraulic fracturing in the United States. According to the U.S. Energy Information 
Administration, 15.8 trillion cubic feet of natural gas was produced the U.S. in 2016. Hydraulic 
fracturing produced water is considered as the largest waste produced in the oil and gas industry 
due to large quantities of PW generated from the hydraulic fracturing process. Management and 
disposal of this produced water have become one of the biggest challenges in the oil and gas 
development industry.  Deep-well injection is the primary method of disposal and management 
of these high salinity PWs. This process can cost up to 10 to 15 USD per barrel of PW. In 
addition to the high operation costs, U.S geological survey (USGS) has recently discovered that 
the deep-well injection wastewater disposal is the principal cause of the recent increase in 
earthquakes in the central U.S. Therefore, there is an urgent need for novel processes to eliminate 




Membrane technology plays a vital role in wastewater treatment applications. A 
membrane can be utilized as a barrier that limits transport of undesired species and enables 
transport of targeted desired species. Development of an efficient membrane separation process 
to treat produced water can minimize the deep well injection. However, contaminants present in 
the produced waters can hinder performance of membrane separation process eventually leading 
to higher operation costs. These research results have the potential to improve membrane 
separation technology to be used in treating these produced waters and minimize the volume of 
disposal. Improving on these research results can lead to an efficient and environmentally 















Appendix B: Executive Summary of Newly Created Intellectual Property 
The following list of new intellectual property items were created in the course of this 
research project and should be considered from both a patent and commercialization perspective. 
1. A method for grafting membrane surfaces to provide new physical properties to 
suppress membrane fouling. 
2. A process to combine electrocoagulation pretreatment method with grafted 















Appendix C: Potential Patent and Commercialization Aspects of listed Intellectual 
Property Items 
C.1 Patentability of Intellectual Property (Could Each Item be Patented) 
The two items listed were considered first from the perspective of whether the item could 
be patented or not. 
1. The grafted physical properties of membrane surfaces cannot be patented.  There are 
other methods that can provide same physical properties to membrane surface and 
they have been used to membrane surface modification. [1] This research needs 
future work to distinguish from existing grafting processes. 
2. Electrocoagulation pretreatment process is well known process. This process is 
incorporated in this research work as a pretreatment to enhance the membrane fouling 
suppression. Prior research works have widely used electrocoagulation as a 
pretreatment process combined with different techniques. [1] 
 
C.2 Commercialization Prospects (Should Each Item Be Patented) 
The two items listed in Appendix C.1 cannot be patented, hence they are not 
commercialization prospects. 
 
C.3 Possible Prior Disclosure of IP 
The following items were discussed in a public forum or have published information that 
could impact the patentability of the listed IP. 
1. N/A 
2. The process of combining electrocoagulation pretreatment method with grafted  




University of Arkansas Membrane Research Center. Research group has published their 
findings.  
K. Sardari, P. Fyfe, D. Lincicome, S. Ranil Wickramasinghe, Combined electrocoagulation and 




[1] A. Deshmukh, C. Boo, V. Karanikola, S. Lin, A.P. Straub, T. Tong, D.M. Warsinger, M. 
Elimelech, Membrane distillation at the water-energy nexus: Limits, opportunities, and 




















Appendix D: Broader Impact of Research 
D.1 Applicability of Research Methods to Other Problems 
Membrane distillation is an emerging technology for treating polluted water including 
hydraulic fracturing flowback and produced waters.  Suppression of membrane fouling by 
inorganic and polar and non-polar organic compounds is a challenge in these treating procedures. 
Fouling is initially due to adsorption of organic compounds followed by scale formation. When 
challenged with polluted water, modified membranes provided the greater resistance to fouling. 
This method can be used in any membrane distillation process to address membrane fouling. 
 
D.2 Impact of Research Results on U.S. and Global Society 
Freshwater is essential to everyday societal activities. Discharging wastewater containing 
organic and inorganic contaminants can be harmful to ecosystems and fresh water systems. As 
the oil and natural gas production is increasing to meet the demands of modern society, 
generation of large volumes of waste streams are also increasing. These oil and gas waste 
streams or produced water (PW) contains an extensive amount of organic and inorganic 
components. Discharging these PW to the environment can be very harmful to surface water as 
well as underground water and soil. Since these PWs are generated in large volumes, there is a 
growing need for efforts to find efficient and environmentally friendly methods to treat and 
remove pollutants in these PWs. This can also provide a supplemental solution for limited 
freshwater resource.  
These research results have the potential to improve membrane separation technology to 
be used in treating these produced waters and minimize the volume of disposal. Improving on 
these research results can lead to an efficient and environmentally friendly method to treat and 




D.3 Impact of Research Results on the Environment 
Deep-well injection is the primary method of disposal and management of these high 
salinity produced waters. U.S geological survey (USGS) has recently discovered that the deep-
well injection wastewater disposal is the principal cause of the recent increase in earthquakes in 
the central U.S. Therefore, there is an urgent need for novel processes to eliminate or minimize 
the deep-well injection. These research results have the potential to improve membrane 
separation technology to be used in treating these produced waters and minimize the volume of 





























Appendix F: Identification of All Software Used in Research and Thesis Generation 
1- Computer #1: DELL 
Model Number: Dell Optiplex 390 
Serial Number: 7215609313 
Location: CSRC 
Owner: Dr. Ranil Wickramsinghe 
Software #1: 
Name: Microsoft Office 2007 
Purchased by: University of Arkansas Chemical Engineering Department. 
Software #2: 
Name: Adobe Acrobat Professional 10.0 
Purchased by: University of Arkansas Site License 68 
Software #3: 
Name: Microsoft project 
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